Understanding the causes of substitution rate variation is an important goal in the study of molecular evolution. It has been proposed that sperm competition intensity may affect genome-wide rates of substitution as a by-product of selection on sperm numbers. Here, I test this hypothesis by applying recently developed Bayesian methods to a data set consisting of approximately 35 kb of sequence data from 55 primate species. I find evidence for positive covariance between testes mass and the rate of substitution, independently of the potentially confounding effects of body mass and longevity.
In the 50 years since Zuckerandl and Pauling and others first formulated the molecular clock hypothesis (Zuckerandl and Pauling 1962; Margoliash 1963; Kumar 2005) , it has become clear that rates of molecular evolution often vary substantially between lineages (Lanfear et al. 2010) . Studies in a wide diversity of taxa have found that a given locus may diverge at very different rates in different lineages, and a major goal of molecular evolutionary biology is to achieve an understanding of the sources of this variation.
In many cases, rate variation is locus specific due to the differential action of natural selection in different populations or species. For example, some sperm and seminal fluid proteins show accelerated rates of substitution in polyandrous species when compared with monandrous species, presumably owing to a greater intensity of sperm competition in the former (e.g., Herlyn and Zischler 2007; Finn and Civetta 2010; Wong 2010 Wong , 2011 Prothmann et al. 2012 , but see Walters and Harrison 2011) . Additionally, rate variation may occur on a wider scale, affecting most or all of the genome, and such observations may be ascribed to mutational (Mayrose and Otto 2010) , life history (Smith and Donoghue 2008) , or demographic effects (Ohta 1973; Nikolaev et al. 2007; Popadin et al. 2007; Lartillot and Poujol 2011; Lanfear et al. 2014 , but see Lartillot and Delsuc 2012) .
Here, I investigate the consequences of variation in sperm competition intensity for rates of molecular evolution across the genome. Although sperm competition is typically associated with locus-specific effects on rates of evolution, variation in this trait may impact substitution rates more broadly as a by-product of selection for increased sperm numbers (e.g., Whitlock and Agrawal 2009) . In many taxa, males may adapt to sperm competition through the production of large numbers of sperm; the strong association between testes size and multiple mating observed in many vertebrates is thought to result from selection for higher sperm numbers in multiply mating species (e.g., Short 1979; Kenagy and Trombulak 1986; Emerson 1997; Rose et al. 1997; Stockley et al. 1997) . Presumably, production of increased numbers of sperm in polyandrous species results from more rounds of cell division in comparison to monandrous species. As such, more mutations are expected to arise during spermatogenesis in polyandrous species, because most heritable mutations are thought to arise during cell division.
The consequences of sperm competition intensity for variation in mutation rates have been difficult to establish, with one study finding an effect of polyandry on mutation rates in birds (Moller and Cuervo 2003) and several studies finding weak or no support for a relationship between mating system and substitution rates (Nadeau et al. 2007; Wong 2010; Wilson Sayres et al. 2011; Corl and Ellegren 2012) . Ambiguity concerning the effects of sperm competition on genome-wide mutation and/or substitution rates has a number of potential sources-for example, data sets used to date may be insufficiently large to detect subtle effects, and statistical methods for robustly detecting covariance between life history traits and rates of molecular evolution have only recently become available (O'Connor and Mundy 2009; Mayrose and Otto 2010; Lartillot and Poujol 2011) . To address these issues, I have used a recently reported Bayesian method (CoEvol: Lartillot and Poujol 2011) to investigate the impact of sperm competition on rates of molecular evolution in a large primate phylogenetic data set (Perelman et al. 2011) .
Given a multiple sequence alignment and a set of phenotypic characters, CoEvol jointly models rates of sequence change and rates of phenotypic change. Associations between sequence and phenotypic change can then be detected using the Bayesian posterior probability of positive or negative covariance between the two. This method improves on previous attempts to detect associations between sequence change and phenotypic change, notably by systematically accounting for uncertainty in parameter estimates and by making full use of parameter estimates at internal nodes (Lartillot and Poujol ß The Author 2014. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com 2011). Moreover, because marginal correlations among different phenotypic characters may obscure the covariance of any particular trait with substitution rates, CoEvol can estimate the independent effects of each trait through the calculation of partial correlations. For this study, I leveraged a multilocus primate sequence data set reported by Perelman et al. (2011) , coupled with phenotypic data obtained from the AnAge database (for data on age at sexual maturity and longevity) (Tacutu et al. 2013) and from surveys of primate body and testes mass (Harcourt et al. 1981; Kenagy and Trombulak 1986; Harcourt et al. 1995; Kappeler 1997; Lemaître et al. 2009) , with testes mass serving as a proxy for the intensity of sperm competition. The complete data set includes 34,941 bp of sequence (15,228 bp coding, with the noncoding sequence consisting of 5 0 -UTR and intronic sequence) for 55 primate species. The analytical methods and data set employed here should provide a powerful and robust means of testing the prediction that substitution rates should positively covary with testes mass.
Analysis of the full data set under a general time reversible (GTR) substitution model reveals strong marginal correlations between several of the phenotypic parameters, as well as between the substitution rate l and age to sexual maturity (table 1, top half). Among the correlations between phenotypic parameters, particularly relevant here are correlations involving testes mass. Testes mass correlates positively with body mass (r = 0.414, posterior probability > 0.99), as expected from allometry. Testes mass also correlates positively with longevity (r = 0.305, pp = 0.98), possibly due to the correlation of both longevity and testes mass with body size. Of particular note here, the positive marginal correlation (r = 0.366) observed between l and testes mass achieved a posterior probability of only 0.92, indicating either that the relationship is weak or that covariance between these two factors is obscured by relationships between other parameters. For example, theory described above predicts that l should increase with testes mass. Conversely, increasing body size is typically accompanied by a decrease in substitution rates, with multiple proposed explanations for this pattern (Bromham et al. 1996; Gillooly et al. 2005; Nabholz et al. 2008; Lartillot and Poujol 2011) . Correspondingly, l may be expected to decrease with testes size owing to the positive correlation between testes size and body size. Thus, it is important to carefully distinguish the independent contributions of each phenotypic character to the rate of substitution.
To disentangle the effects of different traits on the substitution rate, I calculated partial correlations between l and each life history/morphological trait. Partial correlations between characters are computed by CoEvol using a multiple regression approach over all data points sampled from the posterior distribution (see Lartillot and Poujol 2011 for more detail). Notably, the partial correlation between l and testes mass is high (r = 0.525) and strongly supported (pp = 0.99) (table 1, bottom half). Thus, once covariance between all other parameters (i.e., body mass, longevity, and age to sexual maturity) is accounted for, there is a strong, positive relationship between substitution rate and testes mass in this primate data set. This inferred correlation is consistent with the hypothesis that more intense sperm competition is associated with higher mutation rates. This correlation was apparent whether or not the phylogenetic tree was calibrated using fossil data (dates from Benton et al. 2009 ; table 2); fossil constraints on divergence times may in some cases improve power of the method (Lartillot and Poujol 2011; Lartillot 2013) .
I applied similar analyses to coding and noncoding partitions of the alignment, consisting of 15,228 bp and 19,713 bp, respectively (table 2). In the noncoding partition, the partial correlation between l and testes mass is strongly supported (r = 0.487; pp > 0.99). In contrast, these trends were weaker in the coding alignment: The partial correlation between testes mass and the synonymous substitution rate dS was 0.344, with a posterior probability of only 0.82. Weak covariance between dS and testes mass does not appear to result from the limited number (~6,000) of synonymous sites in the alignment. Analysis of 100 data sets, each consisting of 6,000 sites randomly sampled from the full 35 kb alignment, revealed substantial power to detect covariance, with covariance detected at a posterior probability ! 0.95 in 96/100 data sets. Instead, constraint on synonymous sites (e.g., Schattner and Diekhans 2006) may reduce covariance with testes mass.
Previous studies of the relationship between mating system and substitution and/or mutation rates have had mixed conclusions (Moller and Cuervo 2003; Nadeau et al. 2007; Wong 2010; Wilson Sayres et al. 2011; Corl and Ellegren 2012) . Recently, Wilson Sayres et al. (2011) found a positive, but nonsignificant, correlation between substitution rate and body mass:testes mass ratio in a data set consisting of over 400 Mb of sequence data from 32 mammalian species. It is unlikely that Wilson Sayres et al. had limited power to detect a correlation, given the length of their alignment, and in light of their ability to detect covariance between substitution rates and other life history characteristics. Rather, two nonmutually exclusive explanations may account for the difference in outcomes between this study and that of Wilson Sayres et al. First, covariance between mating system and substitution rates may be particularly strong and/or easy to detect among primates, given the frequency with which mating systems appear to change; in contrast to the primate phylogeny employed here, the Wilson Sayres data set encompasses all major mammalian groups. Second, Wilson Sayres et al. used pairwise correlations to assess associations between MBE substitution rates and life history characteristics, and this approach may obscure the effects of any single parameter on l. Indeed, in this study, the marginal correlation between testes mass and l was relatively weak (table 1) , and the strong covariance between these two variables was only apparent once multiple covariates were controlled for using partial correlations. On a related methodological note, additional limitations may be imposed by the use of the testes mass: body mass ratio as a predictor. The use of a predefined ratio assumes strict isometry between these two variables, whereas the current approach allows for other allometry coefficients. Furthermore, the use of a predefined ratio, while attempting to correct for the effects of body mass, does not account for other confounding factors. Covariance between sperm competition intensity and mutation rates has important implications for the relationship between sexual selection and mutation load (Whitlock and Agrawal 2009 ). In a classic paper, Rowe and Houle (1996) proposed that most or all of the genome may be subject to sexual selection via condition: Individuals of high condition will be more likely to obtain mates, for example, due to greater size or more impressive mating displays, and conversely, low condition individuals will be at a competitive disadvantage during sexual selection. As such, sexual selection may act against mutations that are broadly deleterious. If this is the case, then sexual selection is expected to be more effective at purging deleterious mutations in species where sexual selection is more intense. However, if sexual selection also tends to be accompanied by an increase in sex-averaged mutation rates, as this study suggests, then increased mutational input may offset or outweigh sexual selection's ability to purge deleterious mutations. Moreover, selection may be less efficient at purging deleterious mutations in taxa with intense sexual selection, owing to high variance in offspring numbers between males (e.g., Nomura 2002) .
Variation between species during oogenesis, for example, in the number of rounds of cell division leading up to meiosis, or in the efficiency of DNA repair, might also lead to variation in mutation rates. Evidence for variation in female mutation rates has been reported, although the underlying mechanisms are not always clear. Bartosch-Harlid et al. (2003) , for example, found decreased substitution rates on the W-chromosome in one clade of passeriform birds, consistent with low female mutation rates. A complete picture of the effects of sex and sexual selection on variation in rates of evolution will thus require further investigation into the causes of rate variation during oogenesis.
The current finding of covariance between testes mass (a proxy for sperm competition intensity) and substitution rates adds to a growing body of knowledge concerning the sources of substitution rate variation. The extent to which this covariance is widespread is not yet clear; application of robust comparative methods to large phylogenetic data sets in other taxa, such as birds and insects, will help to establish its generality.
Materials and Methods

Life History Traits
Data on female age at sexual maturity and maximum longevity were obtained from the AnAge database (Tacutu et al. 2013) . Testes mass and body mass data were obtained from earlier studies (Harcourt et al. 1981; Kenagy and Trombulak 1986; Harcourt et al. 1995; Kappeler 1997; Lemaître et al. 2009 ). Kappeler (1997) reports testes size as volume rather than as mass; for these data points, testes mass was estimated using the density of testis tissue (1.04 g/ml; Mori and Christensen 1980; Johnson et al. 1981) . Overall, testes and body mass data were collated for 72 primate species, of which 55 are represented in the Perelman et al. phylogeny. Phenotypic data are provided in the supplementary file, Supplementary Material online.
Sequence Data, Alignment, and Phylogeny For the full data set comprising both coding and noncoding sequence, the multiple sequence alignment of Perelman et al. (2011) was downloaded from the article's online supplementary material. The full Perelman et al. data set includes 190 species; the sequences for the 55 species used in this study were extracted from the full alignment. For analyses on coding (noncoding) data only, coding (noncoding) sequences were extracted using the exon (UTR, intron) coordinates specified in PAUP file of Perelman et al. For exonic sequences, coding sequences were realigned using the codon setting in PRANK (Loytynoja and Goldman 2005) to maintain reading frame, and the individual gene alignments were then concatenated. The coding-sequence alignment consisted of 15,228 bp of sequence data. A pruned tree topology from Perelman et al. (2011) was used for all analyses. 
Inference of Covariance between Life History Traits and Rates of Sequence Evolution
CoEvol (Lartillot and Poujol 2011) was used to infer covariance between sequence change and changes in life history/ morphological traits. CoEvol uses a Bayesian approach to jointly model rates of nucleotide substitution and rates of change in phenotypic characters. A Markov chain Monte Carlo (MCMC) sampling approach is used to obtain samples from the posterior distribution of parameters of interest, that is, the covariance matrix. For each run of CoEvol, MCMC sampling was allowed to proceed for a minimum of 12,000 cycles. The first 2,000 cycles were discarded as burn-in, and the remaining !10,000 cycles were used for the posterior distribution.
